ABSTRACT: Layered transition metal dichalcogenides (TMDCs) host a variety of strongly bound exciton complexes that control the optical properties in these materials. Apart from spin and valley, layer index provides an additional degree of freedom in a few-layer thick film. Here we show that in a few-layer TMDC film, the wavefunctions of the conduction and valence band edge states contributing to the ( ′ ) valley are spatially confined in the alternate layers -giving rise to direct (quasi-)intra-layer bright exciton and lower-energy inter-layer dark excitons. Depending on the spin and valley configuration, the bright exciton state is further found to be a coherent superposition of two layer-induced states, one (E-type) distributed in the even layers and the other (O-type) in the odd layers. The intra-layer nature of the bright exciton manifests as a relatively weak dependence of the exciton binding energy on the thickness of the few-layer film, and the binding energy is maintained up to 50 meV in the bulk limit -which is an order of magnitude higher than conventional semiconductors. Fast stokes energy transfer from the intra-layer bright state to the inter-layer dark states provides a clear signature in the layer-dependent broadening of the photoluminescence peak, and plays a key role in the suppression of the photoluminescence intensity observed in TMDCs with thickness beyond monolayer.
Introduction:
The binding energy of exciton is a strong function of quantum confinement of the electrons and holes. A two-dimensional exciton is thus expected to exhibit stronger binding energy than its threedimensional counterpart 1 . This, coupled with heavy carrier effective mass 2,3 , and small dielectric constant 3-5 , results in a large binding energy of excitons in monolayer Transition Metal Dichalcogenide (TMDC) materials [4] [5] [6] [7] [8] [9] . This has led to recent efforts in exploring the physics of various exciton complexes including excitons 10 , biexcitons 11 , trions and their dark states 10,12,13 , using monolayer TMDC as a testbed. The inversion symmetry of the crystal is broken in the monolayer limit, and more generally, in TMDCs with odd number of layers, giving rise to rich spin and valley physics 7, 14, 15 . While exciton complexes have been extensively studied in monolayer TMDCs, the effort in few-layer thick films remains limited [16] [17] [18] [19] [20] [21] [22] [23] . This is primarily due to the transition from direct bandgap in monolayer to indirect bandgap in few-layer suggesting fast relaxation of valley carriers from the ( ′) points. Also, inversion symmetry is either explicitly restored (in even number of layers) or smears out (in odd number of layers) in multi-layer films, suppressing valley controllability.
On the other hand, few-layer films allow the provision to use layer as an additional degree of freedom. In the 2-H structure of TMDCs, the consecutive layers are rotated by 180° with respect to each other 24 . Consequently, the electrons at the point in a bilayer system are not allowed to spill over the other layer due to the symmetry of the constituent 2 orbital contributing to the conduction band. On the other hand, for the holes, there exists a finite inter-layer coupling.
However, there is also a large spin splitting in the valence band, the magnitude of which is larger than the inter-layer coupling term. This results in a confinement of the holes to a single layer as well. The spilling of the hole wavefunction to the consecutive layers is particularly weak in W based TMDCs 25, 26 compared with Mo based TMDCs owing to larger spin-orbital interaction. Such suppression of inter-layer hopping for both electrons and holes in bilayer TMDCs gives rise to layer pseudospin 24 .
However, this argument of single layer confinement is strictly true only at the ( ′) points of the Brillouin zone, particularly for few-layer thick film with number of layers more than two. On the contrary, the momentum space distribution of exciton, as predicted from Bethe-Salpeter (BS) equation 27 , spreads well beyond the ( ′) points, and the wavefunctions spill over to the other layers due to band mixing. In this work, taking the finite momentum space distribution of excitons into account, we generalize the concept of layer degree of freedom for an arbitrary number of layer thickness of WSe2 in the context of the direct exciton to reveal three important properties. First, for a given spin and valley, the layer degree of freedom introduces an additional selection rule for optical brightness. This results from intra-and inter-layer spatial distribution of excitons arising due to electron and hole wavefunctions being distributed either in the odd or in the even layers.
Second, the non-radiative scattering from the bright intra-layer to the dark inter-layer states has a clear signature in the layer dependent luminescence linewidth, and plays a key role in luminescence suppression in few-layer TMDC. Third, owing to a pseudo-confinement arising from the quasi-intra-layer nature of the bright exciton, its binding energy is a relatively weak function of thickness of the film, and remains significantly large (~50 meV) even in the bulk limit [28] [29] [30] compared to conventional semiconductors 31, 32 .
Exciton states in few-layer TMDC and their radiative decay:
To understand the excitonic structure in a few-layer TMDC, we model the exciton using a combination of . Hamiltonian and Bethe-Salpeter theory 27, 33 . Each layer of WSe2 belongs to the 3ℎ point group at the high symmetry and ′ points of the Brillouin zone, and the W atoms . The effective dielectric constant and the characteristic screening length 0 are used as fitting parameters which we vary with the number of layers in the TMDC film.
In the rest of the paper, we only consider the spin allowed, bright transitions, and ignore the selection rule governed dark excitons. Also, we shall limit our discussions to A series excitons only, keeping in mind there exists higher energy exciton series (for example, B series and above). 
and 1 (2) for 1s states], which are closely spaced in energy. Figure 1c shows the light cone, within which the energy and momentum conservation laws are obeyed during an exciton recombination to emit a photon. Thus, any spin allowed bright exciton state with < 0 can emit light by radiative recombination. Owing to the small momentum of the photon compared to the in-plane momentum of the exciton, the light cone constitutes of a small part (< 0.1%) of the Brillouin zone. To compare the strength of the photoluminescence from the different exciton states, we evaluate the radiative decay rate using the following relation 35, 36 :
Here Γ( ) is the total radiative and non-radiative broadening: Γ( ) = Γ ( ) + Γ . We assume Γ to be -independent for simplicity. See Supplemental Material S26 of ( ). Note that equation (3) is a self-consistent equation and provides the fundamental radiative broadening of the exciton states when Γ = 0. Figure 1d shows the calculated intrinsic radiative decay rate (for Γ = 0) for both 1 (1) (in black) and 1 (2) (in red) as a function of Q for bilayer WSe2. The implications of the large difference between the two rates which will be discussed later.
3. Layer distribution of exciton states -layer-induced bright and dark states: ] results primarily from C2V2 transition and hence forms an intra-layer exciton confined in the bottom layer. On the other hand, for . = −1, the intra-layer exciton is confined in the top layer, as explained in the bottom panel of Figure 2b . Also note that with an increase in quantum number (from 1s to 2s), the more confined areal distribution of the exciton in the k-space suggests a larger spread in real space distribution.
The intra-and inter-layer spatial distributions of the different exciton states are expected to strongly affect their radiative decay. As mentioned earlier, since all these excitons are spin allowed bright states, any exciton with lying within the light cone (in Figure 1c) can, in principle, recombine radiatively emitting photons in a spontaneous fashion. However, in Figure 1d , we observe that 1 (1) exciton is an order of magnitude weaker compared to the 1 (2) state in terms of light emission due to its inter-layer nature. The primary contributing orbitals (W 5 ) for the excitons exhibit a spatial extent along the out-of-plane ( ) direction that is much smaller than the interlayer separation (see Figure 2b ), suppressing the matrix element for the decay rate in the case of inter-layer exciton. Henceforth, we call these inter-layer states as layer-induced dark excitons.
We can thus conclude that the light emission from the 1s state predominantly happens due to the radiative recombination of the intra-layer 1 (2) exciton.
The analysis can be readily extended to the tri-layer (3L) system, and the results are summarized in Figure 3 , where three different layer-induced 1s excitons (from the A-series) are formed, namely 1 (1) , 1 (2) and 1 (3) . Figure 3a schematically shows the electronic bandstructure around and ′ points. Similar to bilayer, the components of the eigenstates are significant only in the alternate layers, that is, they are either confined to the even layers or to the odd layers, as illustrated 8 in Figure 3b . The transition and momentum resolved probability distribution of the resulting 1 excitons are explicitly shown in Fig. 3c -e. The probability distributions indicate the dominance of one transition out of 9 possible transitions for an exciton. Similar to the bilayer case, the resulting excitons also follow inter-layer pattern for low energy [ 1 (1) and 1 (2) ] excitons, while intralayer pattern for the higher energy [ 1 (3) ] state. Interestingly, for . = 1, the 1 (3) exciton is confined in the middle layer (L2), as shown in the top panel of Figure 3e . However, for the other spin-valley configuration ( . = −1), the 1 (3) exciton is confined to the L1 and L3 (bottom panel of Figure 3e ). Thus, it maintains its intra-layer structure, but gets distributed in the odd numbered layers. We term the latter case as quasi-intra-layer exciton. The calculated decay rates of the different exciton states for tri-layer WSe2 are shown in Supplemental Material S3 34 . Both types of 1 (3) excitons exhibit more than an order of magnitude higher decay rate compared to the rest, and responsible for photoluminescence.
In Figure 4 , we schematically depict the real space layer-resolved distribution of only the bright excitons ( 1 ( ) ), for bilayer (2L) to six-layer (6L) thick WSe2 films. We can generalize that for an -layer thick TMDC, there are 2 doubly-degenerate bright (quasi-)intra-layer excitons. The rest 2 -2 exciton states are inter-layer and hence layer-induced-dark in nature, which are otherwise bright from a conventional selection rule (spin and azimuthal quantum number selection)
perspective. Between the two doubly-degenerate bright excitons, one exciton is distributed in the even layers and the other in the odd layers, and we call them as E-type (with layer index = +1)
and O-type ( = −1) exciton, respectively. In the case of 1L and 2L systems, the bright excitons are confined to a single layer. For 3L system, the E-type exciton is confined to a single (middle)
layer, while the O-type one is quasi-intra-layer in nature, being distributed between the top and the bottom layers. For 4L and thicker samples, we only have quasi-intra-layer doubly-degenerate E-type and O-type bright excitons. A careful observation reveals that the spin, valley and layer indices of a bright exciton are coupled by the simple rule = +1, which dictates the possible quantum states allowed in a few-layer TMDC system.
Experimental evidence and implications:
We next explore indirect experimental evidences and subsequent implications of the abovementioned layer distribution of the exciton states. In order to do so, we employ temperature dependent photoluminescence measurement from WSe2 films of varying layer thickness.
A. Experiment:
We mechanically exfoliate WSe2 flakes on a clean Si substrate covered with 285 nm thick SiO2.
The thickness of the flake is identified by a combination of Raman and AFM. Photoluminescence (PL) measurement is carried out by varying the sample temperature from 3.3 K to room temperature. The pressure of the sample chamber is kept below 10 −4 torr at all measurement temperatures. The PL is collected through a 50X objective with a numerical aperture of 0.5 in confocal mode. The optical power density on the sample is kept below 100 µW to avoid any laser induced heating effect. eV and 1.93 eV at T = 3.3 K, which smear out as the sample temperature is increased. To confirm that the higher energy peaks originate from the higher order free exciton bright states, we perform polarization resolved photoluminescence measurement at T = 3.3 K. The sample is excited with a + circularly polarized light from a 633 nm laser, and the emitted light is passed through a + or − analyzer. The results for the 1L flake are summarized in Figure 5c . We observe that the 1 exciton peak and the 1 trion peak show a degree of circular polarization ( ) of ~8.5% and ~10.2% respectively, where
In the inset of Figure 5c , we show a magnified portion of the next higher order peak, which shows a strong polarization contrast of ~26%, confirming its 2 assignment. The enhancement of from 1s to 2s is because the 633 nm laser excites the 2s excitons in a near-resonant manner, suppressing the depolarization due to intervalley scattering.
In Figure 5d , we show the acquired PL spectra of WSe2 flakes with varying thickness, namely 1L, 2L, 3L, and 6L, all taken at T = 3.3 K. In the left panel, apart from the neutral and charged exciton peaks, we also observe several peaks at energy lower than trion emission energy. The origin of these lower energy peaks has been previously attributed to defect bound localized excitons [10] [11] [12] and multi-particle excitonic states 10-13 . On the other hand, the higher energy peaks, as shown in a magnified energy range in the right panel in Figure 5d , are only distinctly visible for 1L, 2L and 3L cases.
B. Weak dependence of exciton binding energy on thickness:
The positions of the 1 , 2 and 3 peaks remain almost unaltered (within ~5 meV error bar due to the variation in the individual spectrum obtained from these samples) irrespective of the thickness of the sample. Such layer independence of the 1 exciton peak position has been widely reported previously [37] [38] [39] [40] . thickness is in stark contrast with a conventional semiconductor when the out of plane quantum confinement is relaxed. Also, the binding energy of the exciton for bulk TMDC is about 50 meV, which was measured long back [28] [29] [30] . This is about an order of magnitude higher than typical exciton binding energies of III-V semiconductor samples 31, 32 . The retention of the large binding energy in the bulk limit is another implication of such quasi-intra-layer configuration of the bright excitons in TMDCs, which maintains a quasi-two-dimensional nature due to layer confinement even in thick samples. A summary of the layer dependence on the energy and the binding energy of different excitonic states is provided in Supplemental Material S4 34 .
C. Layer dependent exciton linewidth broadening:
Using a Voigt fit to the exciton peaks for samples with varying layer thickness, we deconvolute the homogeneous (Lorentzian) and the inhomogeneous (Gaussian, shown in Supplemental Materials S5 34 . As the excitation density was maintained low (< 10 9 cm −2 ) during measurements, the excitonexciton scattering induced dephasing 41 is small, and the exciton-phonon scattering is the dominating non-radiative dephasing process in a monolayer sample in our experiment. For ≥ 2, apart from the exciton-phonon scattering within the bright 1 ( ) band, scattering to the indirect valleys ( and ) and to the lower energy inter-layer dark states are the additional non-radiative dephasing mechanisms. We assume that the phonon scattering within the 1 ( ) band is independent of layer number, and therefore, is equal to the monolayer non-radiative linewidth (Γ 0 ). The layer dependence of the non-radiative linewidth can then be given by
Here, Γ quantifies the lumped effect of dephasing due to exciton-phonon scattering to the indirect valleys. Due to large inter-valley momentum mismatch, Γ is expected to be small compared to intra-valley scattering rates. In the last term, Γ 
D. Photoluminescence suppression beyond monolayer:
( ) is extracted from the slope of the linear fit from Figure 7a , and is found to be ~2.25 meV, which translates to a scattering rate of 3.4 × 10 12 s -1 per channel. This is on the order of radiative decay rate of the bright exciton (see Figure 1d) as well as the carrier transfer to indirect valleys 42 . Equation (5) suggests that with an increase in the number of layers, the total nonradiative decay rate due to intra-layer to inter-layer stokes energy transfer increases proportionately. Since the inter-layer states do not contribute to the luminescence, such nonradiative scattering competes with the exciton radiative decay process. This suggests that apart from carrier transfer to the indirect valleys, the fast scattering to the inter-layer dark states also plays a key role in suppressing luminescence in few-layer TMDCs.
Conclusions:
In summary, the symmetry driven even-and odd-layer distribution of the band edge states close to the zone corner forces intra-(or quasi-intra-) and inter-layer distribution of excitons in few-layer 14 TMDCs. The intra-layer exciton states exhibit more than an order of magnitude higher radiative decay rate compared to the inter-layer states, and hence only these excitons contribute to the luminescence. These bright intra-layer excitons can further be classified into E-type and O-type excitons (denoted as layer index), depending on their spatial layer distribution over either even or odd numbered layers, respectively. This layer index ( ) is coupled to the spin ( ) and valley ( ) indices by the rule = +1. Such unique layer distribution has direct implication in maintaining large exciton binding energy in TMDCs up to the bulk limit. Further, the layer index (E or O) can be treated as an additional degree of freedom of the exciton quantum state in a fewlayer system, and can be used for quantum information manipulation. 
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( exciton (red) is roughly two orders of magnitude larger than the 1 (1) exciton (black), showing that the lower energy 1 (1) exciton is radiatively inefficient compared to the higher energy 1 (2) state.
As Γ increases, the decay rate outside the light cone boundary 0 for the bright 1 (2) exciton increases due to enhanced participation of the broadened exciton states above the light line. Below, the specific Hamiltonian for bilayer (2L), tri-layer (3L) and four-layer (4L) systems are given. broadening reduces from 1L to 3L, likely due to improved isolation from SiO2 substrate. However, at 6L, the inhomogeneous broadening is found to be quite large. One possible reason could be due to the layered induced spatial spread of the exciton wavefunction in the different layers, effectively increasing the total inhomogeneity of the sample, with a contribution from each layer.
